A novel frontier in the treatment of tumors that are difficult to treat is oncolytic virotherapy, in which a replication-competent virus selectively infects and destroys tumor cells. Herpes simplex virus (HSV) represents a particularly attractive system. Effective retargeting to tumor-specific receptors has been achieved by insertion in gD of heterologous ligands. Previously, our laboratory generated an HSV retargeted to human epidermal growth factor receptor 2 (HER2), a receptor overexpressed in about one-third of mammary tumors and in some ovarian tumors. HER2 overexpression correlates with increased metastaticity and poor prognosis. Because HER2 has no natural ligand, the inserted ligand was a single-chain antibody to HER2. The objective of this work was to genetically engineer an HSV that selectively targets the HER2-expressing tumor cells and that has lost the ability to enter cells through the natural gD receptors, HVEM and nectin1. Detargeting from nectin1 was attempted by two different strategies, point mutations and insertion of the single-chain antibody at a site in gD different from previously described sites of insertion. We report that point mutations at gD amino acids 34, 215, 222, and 223 failed to generate a nectin1-detargeted HSV. An HSV simultaneously detargeted from nectin1 and HVEM and retargeted to HER2 was successfully engineered by moving the site of single-chain antibody insertion at residue 39, i.e., in front of the nectin1-interacting surface and not lateral to it, and by deleting amino acid residues 6 to 38. The resulting recombinant, R-LM113, entered cells and spread from cell to cell solely via HER2.
A novel frontier in the treatment of tumors that are difficult to treat with surgery, radiotherapy, and chemotherapy is oncolytic virotherapy, in which a replication-competent virus infects and destroys tumor cells (3, 47) . Herpes simplex virus (HSV) represents a particularly attractive system for a number of reasons (2, 4, 5, 30, 33, 57) . Genetic engineering is readily feasible, space is available for the insertion of heterologous genes, and if necessary, HSV replication in humans can be controlled by acyclovir treatment. In numerous preclinical and phase 1 clinical studies, some recombinants proved safe and exerted beneficial effects (20, 22, 26, 31, 44, 45) . The beststudied tumor system has been glioblastoma stereotactically injected with HSV recombinants exhibiting conditional replication in dividing tumor cells (32) . In general, safety has been obtained at the expense of attenuation (23, 39) . More robust viruses are needed that selectively destroy the tumor cells and spare neighboring cells and tissues.
The entry apparatus of HSV is fairly well known. HSV enters cells by fusion of its envelope with plasma or endocytic cell membranes. Fusion is executed by a trio of glycoproteins conserved across the family Herpesviridae, gB and the gH/gL heterodimer (8, 51) . What varies in the different herpesvirus species is the virion glycoprotein deputed to recognize specific receptors and, consequently, the cells targeted by each virus. For HSV, this glycoprotein is gD, which is capable of binding three alternative receptors, nectin1, HVEM, and 3-O-sulfated sites on heparan sulfate (3-OS HS) (12, 17, 40, 48) . The first two receptors, particularly nectin1, are expressed in most of the tissues targeted by HSV, including cells of nerve tissues (12, 17, 18, 34, 53) . The presence of 3-O-modified HS in human tissues and the importance of this interaction in natural infection are less well documented; infection of cultured human corneal cells appears to be mediated by modified HS (55) . Structurally, the gD ectodomain is made of an immunoglobulin-folded core (amino acids [aa] 56 to 184) bracketed by Nand C-terminal extensions (10, 28) . The HVEM-binding site on gD was clearly identified in the cocrystal of gD and HVEM; it maps at the very N terminus (aa 7 to 32), a segment that is unstructured in gD alone and forms a hairpin in HVEM-bound gD (10) . The nectin1-binding site is less well known, is discontinuous, and requires approximately aa 32 to 250. The critical residues identified by mutagenesis are aa 34, 38, 215, 222 , and 223 (13, 29, 63) . Mutations in the N terminus of HSV type 1 gD that abolish binding to HVEM, located near a positively charged pocket, also abrogate functional interactions with 3-OS HS (59, 60) , suggesting a partial overlap between the binding sites for HVEM and 3-OS HS.
The ability of gD to accept foreign sequences and retarget the virus tropism to heterologous receptors is of utmost importance in the design of oncolytic HSVs. Zhou et al. and Kamiyama et al. provided proof of principle that insertion of heterologous ligands in gD yields recombinants that use the ligands' receptors as portals of entry (25, 65) . Ideally, the targeted receptors should be selectively expressed or overexpressed in tumor cells and absent or little expressed in normal cells. Virions carrying a gD-interleukin 13 (IL-13) chimera enter glioblastoma cells through the IL-13 receptor (IL-13R) (62, 65) . Similarly, virions carrying a gD-urokinase plasminogen activator (uPA) chimera target the uPA receptor (uPAR) (25) . In our laboratory, we chose to target HER2 (human epidermal growth factor receptor 2) (36), a receptor overexpressed in about 30% of mammary tumors, as well as in some ovarian tumors, and little, if at all, expressed in other tissues (21, 41, 50) . Importantly, HER2 overexpression correlates with increased metastaticity and poor prognosis of these cancers (21, 24) . Because of these properties, HER2 is the target of therapy with the humanized monoclonal antibody (MAb) Herceptin (43) . An obstacle to the genetic engineering of HER2-retargeted viruses stems from the fact that it is an orphan receptor, i.e., no natural ligand is known. To obviate this limit, we inserted in gD a single-chain antibody (scFv) to HER2 (scHER2), a molecule comparable in size to the gD ectodomain itself (247 versus 310 aa). To our surprise, gD tolerated this large insert, and viruses carrying the gD-scHER2 chimera were able to use HER2 as a receptor (36) . The insertion at aa 24 interrupted the HVEM-binding site, and consequently, the recombinant virus was no longer able to infect through HVEM but retained the ability to infect via nectin1.
The strategy employed so far to generate HSV recombinants retargeted to IL-13R␣2, uPAR, and HER2 yielded viruses that are capable of entering through the novel receptors. While detargeting from HVEM has been readily achieved by deletion of or insertion N-terminal sequences (60, 63) , detargeting from nectin1 has been a much more demanding task. Some of the difficulties arise from the fact that gD residues critical to the interaction with nectin1 have not been clearly defined. Residues 38, 215, 222, and 223 were implicated by site-directed mutagenesis as being important (13, 29, 56) . However, whether they simply affect the gD structure or are responsible for the physical interaction is not known. Furthermore, recombinants carrying these substitutions were not generated; hence, the impact of these residues is still unclear. In one example, the V34S substitution introduced in the IL-13-gD chimera yielded the only nectin1-detargeted virus described so far (63) .
The purpose of this study was to generate an oncolytic HSV prototype retargeted to HER2 and detargeted from both HVEM and nectin1. We took two approaches. The first was to introduce the V34S mutation reported to affect gD binding to nectin1 or substitutions at aa 215, 222, and 223. These viruses, named here as second-generation HER2-retargeted recombinants, were not hampered in the ability to use nectin1 as a receptor. The second approach relied on a structure-based prediction (third-generation HER2-retargeted HSV) and consisted of the insertion of scHER2 at a different site in gD so that it would lie in front of the nectin1-interacting surface. At the same time, the N terminus was deleted up to amino acid residue 38. This approach yielded an HSV recombinant that was simultaneously detargeted from HVEM and nectin1 and retargeted to HER2.
MATERIALS AND METHODS
Cells and viruses. Cells were grown in Dulbecco's modified Eagle medium supplemented with 5% fetal calf serum. The J cell line, a derivative of baby hamster kidney (BHK)-tk Ϫ cells that lacks gD receptors, has been described previously (12) . J-hNectin1, J-mNectin1, J-HER2, J-HVEM, and R6, a gDcomplementing cell line, were described previously (12, 36, 37, 61) . TT12.E2 is a mouse cell line expressing rat HER2 (16) . The SKOV3 (a human ovary adenocarcinoma cell line expressing HER2 at high levels) and MCF7 (a breast adenocarcinoma cell line expressing HER2 at intermediate or low levels) cell lines were grown in RPMIϩGlutamax-I medium (Gibco) supplemented with 10% fetal calf serum. RH4 cells are HER2-negative human rhabdomyosarcoma cells (46) . Viruses were grown in RS (rabbit skin), BHK, or J-HER2 cells and titrated by plaque assay in Vero or SKOV3 cells.
Construction of gD-minus HSV-BAC. The first step in the generation of recombinant HSVs through bacterial artificial chromosome (BAC) technology was the generation of a gD-minus HSV-BAC genome by means of the "ETcloning" procedure in bacteria. A kanamycin (Kan) resistance cassette flanked by two FLP recombination target (FRT) sites was PCR amplified from the plasmid pFRT-2 with primers that contained at their 5Ј ends 60 nucleotides of sequence flanking the gD open reading frame: gDup_Kan_f (TGT TCG GTC ATA AGC TTC AGC GCG AAC GAC CAA CTA CCC CGA TCA TCA GTT ATC CTT AAG CCA GTG AAT TCG AGC TCG GTA C) and gDdown_Kan_r (ACT TAT CGA CTG TCC ACC TTT CCC CCC TTC CAG ACT CGC TTT ATA TGG AGT TAA GGT CCC GAC CAT GAT TAC GCC AAG CTC C). pFRT-2 was constructed by insertion of the Kan resistance cassette derived from pCP15 into the NsiI sites of pCP16 (11) , replacing the tetracycline resistance gene. The PCR product was electroporated into Escherichia coli DH10B harboring YEbac102 HSV-BAC (54) and transiently expressing lambda phage Red-␤ and Red-␥ recombinases from the pKD46 plasmid (15) . Recombinant clones were selected on plates containing 25 g/ml Kan (the marker contained in the PCR product) and 20 g/ml chloramphenicol (Cam) (the marker contained in HSV-BAC sequences) to ensure replacement of the gD coding sequence by the Kan resistance cassette. To remove the Kan cassette, the positive clones were electroporated with pCP20 (11), a plasmid expressing Saccharomyces cerevisiae FLP recombinase, which targets FRT sequences. Finally, the colonies were assayed for loss of the Kan marker and for Cam resistance. The resulting gD-minus HSV-BAC genome, designated 102gD-FRT, was checked by PCR and sequencing of relevant insertions and for the ability to form plaques only in R6 and not in other cell lines.
Construction of gD-minus HSV-BAC backbones containing EGFP or LacZ reporter genes. The second step in the engineering of HSV-BAC recombinants was the insertion of a reporter gene, for either enhanced green fluorescent protein (EGFP) or LacZ, which resulted in the generation of gD-minus-EGFP-HSV-BAC, or gD-minus-LacZ-HSV-BAC, respectively. We chose as the site of the reporter gene insertion the pBeloBAC sequences themselves, so that the marker gene could be deleted together with the BAC sequences by Cre recombinase if required. The coding sequence of EGFP followed by the polyadenylation signal from bovine growth hormone was PCR amplified from pCMS-EGFP (Clontech) with primers EGFP_BamHI_f (5Ј-CAA CCC GGG ATC CAC CGG TCG CCA CCA TGG TGA GC-3Ј) and EGFPϩpA_BamHI_r (5Ј-CCC CTT GGG ATC CTG CCC CAC CCC ACC CCC CAG AAT AG-3Ј) and cloned downstream of the HSV ␣27 promoter. The ␣27-EGFP cassette was inserted between two 700-bp sequences PCR amplified from the plasmid pBeloBac11 (GenBank accession no. U51113). The amplimers were designated pBeloBac11-up (primers Sal_pBelo_1209_f [5Ј-TTG CCA GTC GAC ATT CCG GAT GAG CAT TCA TCA GGC GGG CA-3Ј] and pBelo_1897_Xho_r [5Ј-GCA AAA ACT CGA GTG TAG ACT TCC GTT GAA CTG ATG GAC-3Ј]) and pBeloBac11-down (primers Mun_pBelo_1898_f [5Ј-GGA AGT CAA TTG GAA GGT TTT TGC GCT GGA TGT GGC TGC CC-3Ј] and pBelo_2586_Eco_r [5Ј-CAC ACT GAA TTC GCA ATT TGT CAC AAC ACC TTC TCT AGA AC-3Ј]). In the resulting construct, the ␣27-EGFP cassette was inserted between nucleotides 1897 and 1898 (original coordinates) of pBeloBac11. The ␣27-EGFP cassette plus the pBeloBac11 flanking sequences were subcloned into the shuttle vector pST76KSR (1) for homologous recombination in bacteria. For LacZ insertion, we followed the same strategy, cloning pBeloBac11-up and -down sequences into a plasmid already containing the ␣27-LacZ cassette. The relevant insert and adjacent regions were sequenced for accuracy in all plasmids.
Construction of shuttle vectors for insertion of chimeric gD into gD-minus BACs. The gD shuttle vector named pS31 carries scHER2L (scFv anti-HER2 plus a 9-aa serine glycine linker) inserted between amino acid residues 24 and 25 of gD, plus the V34S substitution (Fig. 1B, b) . It was constructed as follows. First, the V34S substitution was introduced by site-directed mutagenesis in pLM13, a construct carrying scHER2L inserted between amino acid residues 24 and 25 of gD. Mutagenesis was performed by means of the Stratagene Quickchange II kit with primers gD_34S_StuI (5Ј-TCC TCC GGG GAG CCG GCG CGT GTA CCA CAT CCA GGC AGG CCT ACC GG-3Ј) and its reverse. The primers contained the indicated silent restriction sites for ease of mutant-clone screening. Next, the cassette containing the mutagenized gD-scHER2L plus gD genomic upstream and downstream flanking sequences (about 500 bp each) was transferred to the pST76KSR shuttle vector to enable homologous recombination in E. coli (see the supplemental material).
To construct pS39, the D215G, R222N, and F223I substitutions were added to gD cloned in pS31 by means of the primer gD_215G-222N-223I_PvuI (5Ј-AGG GGG TGA CGG TGG GCT CGA TCG GGA TGC TGC CCA ACA TCA TCC CCG AGA ACC-3Ј) and its reverse (Fig. 1B, c) .
pS113 is a shuttle vector containing gD, in which amino acid residues 6 to 38 were deleted and replaced with scHER2L (Fig. 1B, d ). To generate this construct, two restriction sites were sequentially introduced into the gD open reading frame, namely, EcoRI at the sequence coding for aa 6 to 8 and BamHI at the sequence coding for aa 37 to 39, by means of the mutagenic primers gD_6/ 8_EcoRI_f (5Ј-CAA ATA TGC CTT GGC GGA GAA TTC TCT CAA GAT GGC CG-3Ј) and gD_37/38_BamHI_f (5Ј-CGG GGG TCC GGC GCG GAT CCC ACA TCC AGG CGG G-3Ј), respectively. The insertion of the EcoRI site introduced the substitutions D6E and A7N. scHER2L was amplified from pS2019a (49) with primers scFv_x6_Eco_f (5Ј-GCA AAG GAA TTC CGA TAT CCA GAT GAC CCA GTC CCC G-3Ј) and scFv_SG_x37_BamH (5Ј-CGG AGG ATC CAC CGG AAC CAG AGC CAC CGC CAC TCG AGG-3Ј). The final shuttle plasmid, pS113, was constructed by subcloning the engineered gD, along with genomic flanking sequences, into pST76KSR. The relevant insert and adjacent regions were sequenced for accuracy in all plasmids.
Generation of recombinant genomes by two-step replacement in bacteria. The procedure applied to generate recombinant genomes in E. coli was essentially as described previously, with slight modifications (6, 38, 42) . Briefly, electrocompetent E. coli DH10B harboring the relevant gD-minus HSV-BAC genomes was electroporated with the shuttle vector in 0.2-cm electroporation cuvettes (BioRad) at 200 ⍀, 25 F, and 2.5 kV; plated on LB agar containing 25 g/ml Kan (the shuttle vector's marker) and 20 g/ml Cam (the BAC's marker); and incubated at 30°C overnight to allow the expression of RecA from the shuttle vector. The clones were replated onto LB plus Kan plus Cam at 43°C to allow the identification of those harboring the cointegrates (visible as large colonies compared to the temperature-sensitive "small-colony" phenotype determined by nonintegrated shuttle vectors). Subsequently, the cointegrates were allowed to resolve by plating the clones onto LB plus Cam at 30°C, and clones containing the resolved HSV-BAC were selected on LB-plus-Cam plates supplemented with 10% sucrose. Finally, the clones were checked for loss of Kan resistance and for the presence of the desired insert by colony PCR.
gD-minus-EGFP-HSV-BAC and gD-minus-LacZ-HSV-BAC. Recombination between the 102gD-FRT HSV-BAC and the appropriate shuttle vectors generated gD-minus-EGFP-HSV-BAC or gD-minus-LacZ-HSV-BAC DNAs, which contained the ␣27 promoter-EGFP (or ␣27 promoter-LacZ) cassette inserted into the BAC sequences (Fig. 1A) . The viruses were reconstituted by transfection of the BAC DNA into the gD-complementing R6 cells.
The gD-minus HSV-BACs were used as recipients for the generation of recombinants containing the engineered gD ( Fig. 1 and Table 1 (54) , which carries pBeloBAC11 sequences inserted between UL3 and UL4. In gD-minus-EGFP-HSV-BAC, the reporter cassette (␣27-EGFP) is inserted in the BAC sequences. gD-minusLacZ-HSV-BAC has the same structure but carries LacZ in place of EGFP. (B) Schematic representations of wt gD (a) and the gDscHER2 chimeric proteins. gD of recombinant R-LM31 carries a substitution at amino acid residue 34 (b); gD of recombinant R-LM39 carries mutations at amino acid residues 34, 215, 222, and 223 (c); and gD of recombinant R-LM113 carries scHER2 in place of amino acid residues 6 to 38 (d). The boldface numbers indicate the length in amino acid residues of each fragment. The lightface numbers refer to amino acid residues according to wt gD coordinates. Mutated residues are indicated by ovals (Table 1 ). For each virus expressing wt or chimeric gD, the pattern of receptor recognition is summarized in the right-hand columns as ϩ, Ϫ, or not determined (nd). TM, transmembrane domain. V H and V L , heavy-and light-chain variable domains of the anti-HER2 antibody 4D5; ⌬, deletion. In panel B, the bars are drawn to scale. Generation of recombinant viruses R-LM5 and R-LM13 by homologous recombination in mammalian cells. R-LM5, a recombinant virus carrying wild-type (wt) gD and an EGFP reporter in HSV BAC, was generated by homologous recombination in mammalian cells. RS cells were cotransfected with DNA from gD-minus-EGFP-HSV-BAC and pLM5, a plasmid carrying the coding sequences of wt gD flanked by 500 bp of genomic upstream and downstream flanking sequences. R-LM13 was generated in a similar fashion, by means of the pLM13 plasmid, which carries scHER2L inserted in gD between aa 24 and 25.
Infection assays. Cells were infected at an increasing multiplicity of infection (MOI) in 96-well plates: after 90 min of absorption, the viral inoculum was removed. Infection of EGFP-expressing viruses was monitored by means of a Zeiss Axioplan fluorescence microscope and measured as fluorescence 24 h later by means of a Synergy HTTR-I fluorometer (Bio-Tek).
Inhibition of virus infection by antibodies. SKOV3 cells grown in 96-well plates were incubated for 2 h on ice with increasing concentrations of antibodies (R1.302 against nectin1, Herceptin against HER2, or mouse immunoglobulins) diluted in Dulbecco's modified Eagle medium without serum and then with the viral inoculum at an MOI of 2 PFU/cell (as titrated in SKOV3 cells) for a further 90 min on ice. Following virus adsorption, the unattached virus was removed and the cells were washed twice with ice-cold RPMIϩGlutamax supplemented with 2.5% fetal bovine serum. The cells were overlaid with medium containing the same concentration of antibodies or immunoglobulin G (IgG), rapidly shifted to 37°C, and incubated for 16 h. Infection was quantified as the EGFP fluorescence intensity by means of a Victor plate reader (Perkin Elmer). The 100% value represented data obtained with cells infected with virus in the absence of antibodies.
Virus replication assay. J, J-hNectin1, J-HVEM, J-HER2, SKOV3, I-143 tk Ϫ , and HEp-2 cells grown in 12-well plates were infected with the indicated viruses at 1 PFU (as determined in SKOV3 cells)/cell for 90 min at 37°C. Following virus adsorption, the inoculum was removed and the unpenetrated virus was inactivated by means of an acid wash (40 mM citric acid, 10 mM KCl, 135 mM NaCl [pH 3]) (7). Replicate cultures were frozen at the indicated times (3, 24, and 48 h) after infection. The progeny virus (intracellular plus extracellular) was titrated in SKOV3 cells. 
RESULTS

Second-generation HER2-retargeted recombinants carrying single or multiple substitutions maintain tropism for nectin1.
The first-generation recombinants R-LM11 and R-LM11L carried scHER2 inserted between amino acid residues 24 and 25 of gD (36) . The insertion altered the N terminus so that entry through HVEM was hampered while entry through nectin1 was maintained (36) . The first attempt to generate a nectin1-detargeted recombinant consisted of the insertion of the V34S mutation into gD-scHER2 (Fig. 1B and Table 1 ). When introduced into the IL-13-gD chimera, the V34S substitution strongly decreased entry via nectin1 (63) . The recombinant LM31-BAC DNA was generated by homologous recombination in E. coli (Table 1 ) (see Materials and Methods and the supplemental material). The recipient genome was gD-minusLacZ-HSV-BAC. The R-LM31 recombinant virus was obtained by transfection of the LM31-BAC DNA into the gDcomplementing R6 cells. R-LM31 tropism was assayed in J cells expressing human or murine nectin1 or human HER2 and monitored as ␤-galactosidase activity. As shown in Fig. 2 , the R-LM31 recombinant infected J-nectin1 cells (via either the human or murine receptor); hence, it was not detargeted from nectin1. This result indicates that the effect of the V34S substitution varies depending on the insert present in gD.
To enable detection of virus growth in live cells, all subsequent recombinants carried EGFP, and not LacZ, as the reporter gene (Table 1 ). The prototypic virus in this series carried wt gD and was named R-LM5. R-LM13 carried the gD-scHER2L chimera without mutations. Next, the D215G, R222N, F223I, and V34S substitutions (29, 56) were inserted into the chimeric gD from R-LM13, thus generating R-LM39. The electrophoretic mobility in denaturing gels of R-LM39 gD was similar to that of R-LM13 and slower than that of R-LM5 gD, as expected (Fig. 3) . R-LM39 was characterized with re- spect to replication in J cells expressing individual receptors and in human cell lines expressing or not expressing HER2 and with respect to its ability to be blocked by a MAb against nectin1 (MAb R1.302) or against HER2 (Herceptin). The main results were as follows (Fig. 4A to G) . R-LM39 was unable to grow in J-HVEM cells but replicated in J-HER2 and J-nectin1 cells, implying that it could use both HER2 and nectin1 as receptors (Fig. 4B, C, and D) . Accordingly, it replicated in the human cell line SKOV3, which expresses both nectin1 and HER2, as well as in I-143 tk Ϫ and HEp-2, which express nectin1 (Fig. 4E, F, and G) . Receptor usage was more directly assessed in experiments in which virus entry was blocked by Herceptin (directed against HER2), MAb R1.302 (directed against nectin1), or a mixture of the two antibodies (Fig. 5) . Replicate aliquots of virions were added to cells preincubated with decreasing concentrations of the antibodies and then allowed to infect SKOV3 cells, which express both HER2 and nectin1 receptors. The results in Fig. 5 show that R-LM39 was not blocked by Herceptin alone or R1.302 alone, but only by the two antibodies in combination (Fig. 5A) . The results imply that R-LM39 can use nectin1 or, alternatively, HER2 as a receptor, further documenting the lack of detargeting from nectin1. Thus, unexpectedly, the mutations V34S, D215G, R222N, and F223I were unable to detarget HSV tropism from nectin1. We ascertained that no mutations other than those introduced on purpose were present in R-LM39 gD. Previously, the effects of the D215G, R222N, and F223I mutations were assayed by infectivity complementation assay or solublegD-mediated infection (29, 56) , and the two assays may have underestimated the residual ability to enter via nectin1. These results underscore the need to assay the effects of the mutations in the context of the viral genome. The third-generation recombinant carrying scHER2 in place of aa 6 to 38 of gD is detargeted from nectin1. The design of the third-generation recombinant was structure based. Inspection of the wt gD structure showed that scHER2 insertion at residue 39 would locate the insert in front of the nectin1-reacting surface (identified by residues 34 and 38 and 215, 222, and 223) (29) and not lateral to it, as happens when scHER2 is inserted at residue 24. Given that scHER2 is comparable in overall size to the gD ectodomain (247 versus 310 aa), we hypothesized that the insert might render the nectin1-interacting surface inaccessible. Furthermore, amino acid residues 6 to 38 were deleted in order to eliminate entry through HVEM (9, 10) and, at the same time, to eliminate V34 and Y38, two residues reported to play some role in the interaction with nectin1 (13, 63) . The possibility that steric hindrance might be sufficient to preclude receptor binding stemmed from the finding that scHER2 insertion between aa 24 and 25 abrogated entry via HVEM in R-LM11 and R-LM11L, even though the HVEM-reacting sequences were still present (36) . For virus stock production, R-LM113 was grown in J-HER2 cells; the virus has been stable after 11 serial passages. We analyzed the electrophoretic mobility of R-LM113 gD in denaturing gels and observed that it was slower than that of wt gD and indistinguishable from that of R-LM39 gD (Fig. 3) , as expected. However, R-LM113 gD accumulated in smaller amounts than wt gD or its other, chimeric forms; thus, in Fig. 3 , the lane marked R-LM113 was loaded with a 10-fold-greater amount of lysate than the other lanes. The amounts of gD strictly mirror the amounts of gB in the same virus stocks (Fig. 3B) . The smaller amounts of gD and gB in R-LM113 likely reflect the lesser extent of replication (Fig. 4) .
Assay of R-LM113 tropism showed that the virus maintained the retargeting to HER2 and was detargeted from both nectin1 and HVEM, as follows. First, we determined R-LM113's ability to infect and replicate in cell lines expressing a single (J-Nectin1, J-HVEM, or J-HER2) or multiple (SKOV3) receptors or commonly used human cell lines. We compared R-LM113 to the recombinant viruses R-LM5 and R-LM13 carrying wt gD or the gD-scHER2 chimera, respectively (Fig.  4A to G) . For every cell line, the input MOI was 1 PFU (as determined in SKOV3 cells)/cell. Of note, the ratios of the genome copy numbers to the numbers of PFU were similar for all viruses, irrespective of the cells in which the viruses were grown (see the supplementary material); thus, measurement of virus particles through two different assays resulted in essentially similar figures. The main results were as follows. (i) R-LM113 grew efficiently in J-HER2 cells; the virus titer was comparable to that of R-LM13 in the same cells (Fig. 4D) and about 1 order of magnitude lower than that of R-LM13 in J-nectin1 cells (compare Fig. 4B and D) . In SKOV3 cells, R-LM113 replicated to titers only 1 to 1.5 orders of magnitude lower than those of the control viruses R-LM5 and R-LM13 and of R-LM39 (Fig. 4E). (ii) R-LM113 was detargeted from both nectin1 and HVEM, as assessed by its inability to grow in J-nectin1 and J-HVEM cells, as well as in the human I-143 tk Ϫ and HEp-2 cells, to titers higher than 10 3 to 10 4 PFU/ml (Fig.  4B, C, F, and G) . The comparative yields of progeny virus/cell for the different viruses are summarized in Fig. 4H , which underscores the inability of R-LM113 to grow in cells that express nectin1 or HVEM as sole receptors and, at the same time, the ability to replicate in the HER2-expressing SKOV3 cells. Because replication in different cell lines reflects not only the different receptor usage, but also the intrinsic abilities of different cells to support virus growth, as a more direct measure of receptor usage we monitored R-LM113 EGFP expression in a number of cell lines of human and rodent origin. Extensive literature on HSV entry supports the contention that expression of a reporter gene (EGFP) placed under an immediate-early promoter closely mirrors the ability to enter, and thus the receptor usage in the cell under examination. The results in Fig. 4I show that R-LM113 infected J-HER2 cells, but not J cells expressing human nectin1 or murine nectin1. The detargeting from murine nectin1 was confirmed by failure to infect L and NIH 3T3 cells. Human cells were susceptible to R-LM113, provided that they expressed HER2 at a high level (SKOV3 cells). The MCF7 cells, which express HER2 at low to intermediate levels (14) , could not be infected. For nectin1 and HVEM, it has been shown that cells that express receptors at low density can be infected only at very high MOIs (27) . Thus, the lack of MCF7 infection likely reflects the very low density of HER2 (14) . Human HER2-negative cells, e.g., HEp-2, I-143 tk Ϫ , and RH4 cells, were infected at a low or negligible level. Interestingly, R-LM113 was specific for human HER2, as it failed to infect the TT12.E2 mouse cell line expressing the rat ortholog of HER2 (neu-NT) (16) .
Receptor usage was confirmed in virus-blocking experiments with Herceptin, MAb R1.302, or a mixture of the two antibodies, as detailed above. The results in Fig. 5 show that R-LM113 was blocked by Herceptin. The combination of Herceptin plus MAb R1.302 exerted the same inhibition as Herceptin alone; MAb R1.302 had no effect (Fig. 5B) . The results with R-LM113 are in sharp contrast to those obtained with R-LM39, which is capable of infecting J-nectin1 cells. R-LM39 infection could be inhibited only by the mixture of Herceptin plus MAb R1.302 (Fig. 5A ). R-LM113 infection was inhibited by Herceptin alone, while MAb R1.302 alone had no effect. We conclude that R-LM113 can enter cells only through the HER2 receptor, in accordance with the results shown in Fig. 4 .
Finally, we asked whether R-LM113 used HER2, not only for virus infection, but also for cell-to-cell spread. As shown in Fig. 6 , exposure of R-LM13-, R-LM39-, and R-LM113-infected SKOV3 monolayers to Herceptin reduced the plaque size. The plaque size of R-LM5 was not reduced by Herceptin.
DISCUSSION
The ideal virus for selective destruction of cancer cells is one that infects only cancer cells by virtue of altered receptor usage and is unable to infect the cells naturally targeted by the virus. The host range of HSVs can be altered by genetic manipulation of the receptor-binding glycoprotein gD, which is able to interact with the natural receptors nectin1 and HVEM. Chimeric forms of gD carrying heterologous ligands to the recep-tor of choice redirect the virus to the ligands' receptors. By this strategy, HSV retargeted to IL-13R␣2 and uPAR was generated (25, 62, 65 ). An inherent difficulty arises with receptors like HER2, for which no natural ligand is available. In this instance, the selected ligand was a single-chain antibody. Surprisingly, gD tolerated the insertion and could mediate virus entry into cells that expressed HER2 as the receptor (36) . What has been more difficult to achieve is detargeting from natural receptors, a feature common to other retargeted viruses, adenovirus, adeno-associated virus, and measles virus (19, 35, 52, 58) . Here, we have reported the successful construction of a candidate oncolytic HSV retargeted to the HER2 receptor and detargeted from both HVEM and nectin1.
Detargeting from HVEM has been readily achieved in the past (36, 63, 64) . Two features have contributed to the ease of detargeting. The HVEM-binding site on gD is well defined. Residues involved in the physical interaction are localized to a small, continuous N-terminal region (aa 7 to 32) that can be deleted from gD without impairing binding to nectin1 and the profusion activity of gD (10, 59, 60) . By contrast, detargeting from nectin1 has not been achieved so far, except in one case (63) . The reasons for that are twofold; the nectin1-binding site is not known in detail and appears to be a discontinuous rather than a continuous region. Furthermore, residues critical for the nectin1-binding site, identified by mutagenesis, have not been mutated in virions; rather, the effect of their replacement has been assayed in infectivity complementation assays or in soluble-gD-mediated infection (13, 29, 56) . The only virus generated so far that was debilitated in entry via nectin1 is the IL-13-retargeted R5141 carrying the V34S substitution (63) . As reported here, when the same substitution was engineered in the HER2-retargeted R-LM31, it did not decrease entry through nectin1. Thus, the effect of the V34S substitution is not universal but appears to be dependent on the resulting conformation of gD. It is likely that the presence of the IL-13 insert confers upon gD a structure that is further modified by the V34S substitution so that the nectin1-binding site is either deformed or not readily accessible. Insertion of the triple substitutions at aa 215, 222, and 223 also did not decrease entry through nectin1. As mentioned above, recombinants carrying these substitutions were not generated previously; hence, the effects of these substitutions in wt gD viruses are unknown.
The rationale for the design of R-LM113 was to rotate the position of the scHER2 insert so that it would be located in front of, and not lateral to, the nectin1-interacting surface and, at the same time, to delete the N-terminal sequences up to aa 38, thus removing aa 34 and 38, which have been described as potentially important for nectin1 binding. This strategy indeed resulted in the generation of a nectin1-detargeted HSV. Because of the ⌬6-38 deletion, R-LM113 was also simultaneously detargeted from HVEM. Given that mutations that hamper HVEM binding also hamper interaction with 3-OS HS and the partial overlap between the binding sites for HVEM and 3-OS HS (59, 60) , R-LM113 is expected to also be detargeted from 3-OS HS. In any case, the importance of the latter receptor to the infection of human tissues remains to be determined. Importantly, the insertion at position 38 did not affect the ability of scHER2 to interact with HER2, the ability of gD to respond to heterologous receptor binding by adopting a conformation suitable for the subsequent steps in virus entry, or the ability of gD to recruit/activate the downstream glycoproteins gB and gH/gL, responsible for fusion execution. Although we did not formally prove it, given that the strategy adopted here to generate a nectin1-detargeted HSV was designed on the wt gD structure, it seems likely that it is generally applicable. Furthermore, the growth curves reported in Fig. 4 indicate that the modifications in R-LM113 allow replication at titers just 1 order of magnitude lower than those attained with wt gD viruses. Cumulatively, the tumor-restricted tropism coupled to relatively high virus yields makes R-LM113 a good candidate oncolytic HSV. Furthermore, taking into consideration that retargeting to HER2 has been obtained through insertion of a single-chain antibody, the effective retargeting to a heterologous receptor, including an orphan receptor with no natural ligand, and the simultaneous detargeting from HVEM and nectin1 described here appear to be a generally applicable strategy in the design of oncolytic HSVs.
